Abstract. Silk fibre has been popularly used for bio-medical engineering and surgically-operational applications because of its biocompatible and bio-resorbable properties for centuries. Using silk fibre as reinforcement for some bio-polymers to enhance the stiffness of scaffolding and bone implant plates has been developed. However, its dynamic mechanical properties with the biodegradable properties have not yet well understood. In this paper, the dynamic mechanical and thermal properties of degraded and non-degraded silk fibre reinforced Polylactic acid (PLA) composites are discussed.
Introduction
The behavior of viscoelastic material including polymer during the deformation and flow is mainly dependent on temperature as well as time (frequency). This phenomenon is because of the molecular rearrangement of the polymer in order to minimize the localized stresses [1] . Moreover, the molecules of a polymer store a portion of the applied energy elastically and dissipate the rest of it in other dissipative processes (such as damage, heat, sound waves, vibration etc.) under cyclic loading. Therefore, processing the investigation according to the temperatures and the time period is necessary to obtain the description of the material behavior under the loading. The characteristic parameter that reflects such visco-elasticity of a polymer is the tan delta () [2] . Dynamic mechanical analysis (DMA) is a technique in which an osscillating force is applied to a sample to measure its material's deformation response conveniently as a function of temperature, frequency, or time. DMA provides material properties including storage modulus (E'), loss modulus (E"), tan delta (tanδ) and relaxation processes of polymers, especially the glass transition (Tg). The storage modulus characterizes the elastic behavior of the material, and the loss modulus characterized the viscous behavior. The ratio of energy dissipated to energy stored is the tangent of the phase angle called tan delta. Compared to DSC, weak glass transitions can be easier and more precise determined by DMA due to its approximately one decade higher sensitivity to glass transitions [3] .
Material Preparation and Experiments
Biodegradable polymer-PLA as a matrix under investigation in the current study is a neat grade commercialized by Cargill-Dow under the brand name NatureWorks PLA Polymer. Silk fibre with the average fibre diameter of 100 μm was supplied by Ocean Verve Ltd., Hong Kong. The inherent body structure of silkworm is composed of two cores of fibroin which exists in a paired of organ. As mentioned in a previous literature, this layer would affect the bonding between the fibre and polymer-based matrix, and thus worsen the mechanical properties of silk fibre composites [4] . All samples were made by using Hakke MiniLab twin-screw micro-extruder. Before mixing the fibre with PLA, degummed fibre were chopped into 5 mm in length in order to avoid coiling with the screws and stretching the fibres plastically either co-or counter rotating during injection process. These fibres were pre-placed inside an oven for drying to minimize excessive moisture content into them before the process. The optimal fibre content, in terms of mouldability inside the PLA environment was 5 wt. % based on our preliminary study [4] . A uniform temperature of 180°C was maintained at all zones inside further injection moulding. The mixture including silk fibre and molten PLA were then transferred to a Thermo Hakke small scale injection moulding machine. The injection cylinder and the mould were pre-heated to desirable temperatures of 200 °C and 45 °C, respectively.
DMA was processed according to the international standard D 5023-07. All samples were investigated under a flexure test by TA Instrument DMA Q800 with a Multi-Frequency-Strain mode. Four different types of samples with the dimension 60mm x 5mm x 1.5mm were tested, including pure polymer, degraded polymer, silk fibre reinforced PLA and degraded silk fibre reinforced PLA composites. Pure polymer is used for comparing with other samples. Degraded polymer and degraded silk fibre were parpared by immersing the polymer and silk fibre reinforced PLA composites into two tanks with diluted PBS solution separately and the tanks were then stored in a humidified, thermostable and orbital-shaking incubator at 37°C with 100 rpm for one year. The actual dimensions of each sample were then measured. The samples were griped horizontally by dual cantilever. The linear displacement amplitude was set to 15μm. Thermal scans were conduct from 20°C to 150°C at a ramping of 3°C/min with soak time 2 minutes for step increases. 2 and 3 show the dynamic storages, loss modulus and tan delta of the pure PLA, silk fibre reinforced PLA composites, degraded polymer and degraded silk fibre reinforced composites, as a function of temperature, respectively. Compared with the non-degrade samples, the initial storage modulus increases in the presence of silk fibres in the PLA. However, it can be observed that the curves of storage modulus decrease gradually starting from ambient temperature and decrease dramatically after 60 o C. The reduction in the storage modulus with increase in the temperature is associated with softening of the matrix at higher temperature.
Results and Discussion
Comparing the curves of loss modulus of the different samples in Figure 2 , the Tg of the silk reinforced PLA composite is slightly shifted to lower temperature with a narrower range of the transition region than the pure PLA sample. It is becasue only the amorphous phase of the partially crystalline PLA is involved in the glass transition because of the increasing mobility of the PLA matrix is counteracted by the fibres [3] .
In order to measure the performance of the silk fibre reinforced composites under the human body temperature and glass transition temperature, the values of tan delta were measured at 37 o C and the peak of the curves. The peak at the tan delta curve indicates a relaxation process. It can be found that there is not a big different of the tan delta between pure PLA and silk fibre reinforced composites. However, a significantly decrement in the height and the sharpness of the peak was obtained as the presence of the silk fibre. Changes of the tan delta is because of the decrement in the volume fraction of the PLA matrix by the incorporation of silk fibres [5] . Such behavior has been shown on the most reinforced thermoplastics [6] . Pure PLA shows a sharp and intense peak because there is no restriction to the chain motion, where as the presence of the silk surfaced hinder the chain mobility, resulting in the reduction of the sharpness and height of the tan delta peak.
Comparing the degraded polymer with non-degraded polymer, it can be proved that the storage modulus of the PLA decreases because of the degradation process of the samples. From the Figure  1 , there is a different in large extent of silk fibre reinforced composite and its degraded samples. As the water absorption of the silk fibre is higher than the polymer, it induces that there is a faster degradation of the composite than pure PLA. The results were proved previously by the faster declining rate of mechanical properties of the silk fibre reinforced composites than that of pure PLA [4] . Between of 61°C and 68°C, the storage modulus of all samples decreases rapidly. Masuhiro have found that the shrinkage of silk fibre is about 1.3 % because of the loss of moisture during heating [7] . The combined effect of the fibre shrinkage and thermal expansion mismatch between the silk fibre and the PLA matrix result in weakening in its properties [8] .
It has been found that the reduced storage modulus of the degraded composites compare with the non-degraded composite was due to the damaged matrix, deteriorated interfacial adhesion and bond strength between the matrix and the fibre. As the interface could no longer provide stress transfer from matrix to fibre effectively, and thus the storage modulus of the degraded compistes decreases. When samples immersed into PBS solution, water molecules entered the polymer, the hydrolysis and plasticization of the matrix would damage the chemical combination and bonding, in the case of experiencing a stress, greater strain may be induced, which would lead to a decrease in the storage modulus [9] .
In Figure 3 , the Tg of degraded sample is higher than the non-degraded sample. The result shown is mainly because the water acts as plasticizer and increases the crystallinity of the samples after one year degradation.. Although the degradation process increases the crystallinity of the PLA, certain regions in the PLA were hydrolyzed through bulk erosion, therefore, the weight of the PLA are decreased so that even the crystallinity of the degraded increases, the Tg is also decreases. As the debonding of the interface caused by the distinct moisture expanding coefficient between the fibre
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Processing and Fabrication of Advanced Materials and matrix in the plasticization process, this would lower the tan delta [9] which increase the mobility of the polymer chain in composites with poor adhesion. Therefore, the Tg obtained form both loss modulus and tan delta were increased because of the increment of the mobility.
Conclusion
The dynamic mechanical analysis of PLA polymer, degraded PLA polymer, silk fibre composite and degraded silk fibre composite are investigated. The effect of temperature on storage modulus (E'), loss modulus (E") and mechanical damping (tanδ) was studied. It was found that silk fibre can enhance the PLA polymer and give a higher performance. However, the degradation rate of silk composite is much higher than that of pure PLA.
